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For several decades, a common processing aid in the
production of fluoropolymers was the ammonium salt
of perfluorooctanoic acid (PFOA). Because PFOA is per-
sistent, bicaccumulative, and toxic, its production and
use are being phased out in the United States. In 2009,
the US Environmental Protection Agency stipulated con-
ditions for the manufacture and commercial use of
GenX, a PFOA replacement. While GenX is produced
for commercial purposes, the acid form of GenX is also
generated as a byproduct during the production of
fluoromonomers. The discovery of high concentrations

of GenX and related perfluoroalkyl ether acids (PFEAs)
in the Cape Fear River and in finished drinking water of
more than 200,000 North Carolina residents required
quick action by researchers, regulators, public health
officials, commercial laboratories, drinking water pro-
viders, and consulting engineers. Information about
sources and toxicity of GenX as well as an analytical
method for the detection of GenX and eight related
PFEAs is presented. GenX/PFEA occurrence in water
and GenX/PFEA removal by different drinking water
treatment processes are also discussed.

Keywords: emerging per- and polyfluoroalkyl substances, hexafluoropropylene oxide dimer acid (HFPO-DA),
Nafion by-products, industrial wastewater, unregulated contaminanis

The presence of per- and polyfluoroalkyl substances
(PFASs) in drinking water sources and finished drinking
water is receiving increased attention by water treat-
ment professionals and regulators. Factors that have
contributed to the raised awareness include the US
Environmental  Protection (USEPA’s)
announcement of a 70 ng/L health advisory level (HAL)
for the sum concentration of perfluorooctane sulfonic
acid (PFOS) (USEPA 2016a) and perfluorooctanoic acid
(PFOA) (USEPA 2016b), analysis of USEPA’s third
Unregulated Contaminant Monitoring Rule (UCMR 3)
data showing that more than six million US residents
consume drinking water with combined PFOA and
PFOS levels above the 70 ng/lL HAL (Hu et al. 2016),
and state-level efforts to introduce drinking water stan-
dards for PFASs, such as the recently recommended
maximum contaminant levels for PFOA (14 ng/L; NJ
DEP 2017) and perfluorononanoic acid (13 ng/L; NJ
DEP 20135) in New Jersey. Also, extensive media cover-
age has been dedicated to the contamination of public
drinking water wells with PFOA, PFOS, and other

Agency’s

PFASs  at locations, including the
Parkersburg, W.Va., region; Cottage Grove, Minn,
Hoosick Falls, N.Y.; Bennington, Vt.; Merrimack,
N.H.; Plainfield Township, Mich.; and Fountain, Colo.
In North Carolina, high levels of emerging PFASs, such
as GenX, were first reported in Cape Fear River water
(Strynar et al. 2015) and later in finished drinking water
of more than 200,000 North Carolina residents (Sun
et al. 2016). Peer-reviewed papers (Sun et al. 2016,
Strynar et al. 2015), as well as an article in The
Intercept (Lerner 2016), did not initially raise concerns
about GenX in the lower Cape Fear River basin. It was
not until June 8, 2017, when an article was published in
the Wilmington Star News (Hagerty 2017), that resi-
dents, local officials, and state regulators became fully
aware of the extent of the water contamination. The
objective of this article is to summarize available infor-
mation about GenX and other perfluoroalkyl ether
acids (PFEAs) in a context relevant to drinking water
providers. This article is divided into five parts:
(1) sources of GenX and other PFEAs, (2) toxicity of

numerous
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FIGURE 1 Structures of HFPO-DA and GenX as well as the comman carboxylate anion that forms in water
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GenX and development of North Carolina’s health
goal, (3) analytical methods for GenX and other PFEAs,
(4) occurrence, and (35) treatment options. Information
from the literature is amalgamated with results from
ongoing research in the authors’ laboratories, at
USEPA, and at affected utilities.

GenX AND RELATED COMPOUNDS—BACKGROUND
AND SOURCES

GenX (Figure 1) is the trade name for the ammonium
salt of hexafluoropropylene oxide-dimer acid (HFPO-
DA). GenX serves as a replacement for ammonium per-
fluorooctanocate, the ammonium salt of PFOA, and it is
used as a processing aid in the production of fluoropoly-
mers such as polytetrafluoroethylene (PTFE). As shown
in Figure 1, GenX and HFPO-DA form the same anion
when dissolved in water—in the case of GenX, the

ammonium group leaves, and in the case of HFPO-DA,
which is a relatively strong acid (Table 1), the proton of
the carboxylic acid functional group leaves. Discussing
GenX/HFPO-DA can be challenging because a number
of different terms have been used by the manufacturer
and regulators to describe GenX and HFPO-DA
(Table 1). From a water quality and treatment perspec-
tive, GenX and HFPO-DA discharges lead to the same
anionic species (Figure 1) that would have to be
removed from water; therefore, for the purposes of this
article, GenX generically refers to the common anion
shown in Figure 1. Conditions for the production and
use of GenX and HFPO-DA were stipulated in a 2009
consent order (USEPA 2009a). The consent order
requires 99% capture of GenX in wastewater discharges
and air emissions by GenX production facilities as well
as by any customers using GenX.

TABLE 1

GenX and HFPO-DA nomenclature and properties

GenX

HFPO-DA

CAS no. 62037-80-3

IUPAC name

Alternative names C3-dimer salt, FRD-902, P-08-508

Azanium; 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propanoate

(USEPA 2009a), ammonium 2,3,3,3-tetrafluoro-2-
(heptatluoropropoxy)propanoate

Formula CsH4F11NO3

Formula weight—g/mol 347

PKa 3.82 (Beekman et al. 2016), -0.77°
log Kow 4.0%

log D (pH 7) 0.47°%

13252-13-6

2,3,3,3-Tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propanoic acid

C3-dimer (acid), FRD-903, P-08-509
(USEPA 2009a), 2,3,3,3-tetrafluoro-2-
(heptatluoropropoxy)propanoic acid,
perfluoro-2-methyl-3-oxahexanoic acid,
perfluoro-2-propoxypropionic acid

CeHF;10;4
330

-0.77°

4.0%, 3.21°, 3.6, 8.129
0.47%,1.349

Environmental Protection Agency
*Chemicalize, ChemAxon, Cambridge, Mass.

KOAWIN v1.10, EPI Suite, USEPA
dPhysChem Module, Percepta, ACD/Labs, Toronto, Ont., Canada

CAS—Chemical Abstracts Service, HFPO-DA—hexafluoropropylene oxide-dimer acid, IUPAC—International Union of Pure and Applied Chemistry, USEPA—US

PQPERA, CompTox Chemistry Dashboard, US Environmental Protection Agency (USEPA)
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FIGURE 2 Production of deprotonated HFPO-DA from C3 dimer acid fluoride
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One US facility where GenX is manufactured is
located on the banks of the Cape Fear River near
Fayetteville, N.C. Consistent with the 2009 consent
order, the facility’s National Pollutant Discharge
Elimination System (NPDES) permit renewal applica-
tion (The Chemours Company 2016) states that all
wastewater from the polymer processing aid area of the
plant where GenX is manufactured is captured and
shipped off site for disposal. It was therefore surprising
when Strynar et al. (20135) identified GenX downstream
of the facility’s wastewater discharge, and Sun
et al. (2016) measured GenX concentrations up to
approximately 4,500 ng/l. at a drinking water intake
located about 90 mi downriver. In a meeting with local
officials in Wilmington, N.C., on June 15, 2017, the
company stated that GenX is generated as a byproduct
in its fluoromonomer production area and that GenX
had been released through its wastewater treatment
plant into the Cape Fear River since 1980 (Wagner &
Buckland 2017). It is important to note that require-
ments of the USEPA consent order (USEPA 2009a),
including the 99% capture stipulation, do not apply
when GenX and/or HFPO-DA are generated as bypro-
ducts without separate commercial intent.

GenX discharges into surface water likely occur at
other locations in the United States. For example, the
West Virginia Department of Environmental Protection
(WV DEP) permitted the discharge of GenX from two
outfalls into the Ohio River with the requirement that,
after mixing, the GenX concentration in the river does
not exceed 17,500 ng/L. (WV DEP 2011). According to
documents submitted by the manufacturer to the WV
DEP, GenX concentration limits that were set for the
outfalls have been exceeded on several occasions
(Bilott 2017).

In North Carolina, high levels of GenX (up to
4,000 ng/L) were also detected in private drinking water
wells and in spring-fed lakes surrounding the
manufacturing plant (NC DEQ 2018a, 2017b).
Contamination of private wells located upgradient from
the fluorochemical manufacturer strongly suggests that

air emissions of GenX and/or GenX precursors were fol-
lowed by wet and/or dry deposition and subsequent per-
colation into the surficial aquifer. Air emissions were
also implicated in the PFAS contamination of drinking
water wells at other locations, such as in the
Parkersburg, W.Va., region (Davis et al. 2007). A likely
airborne precursor to GenX is the C3 dimer acid fluo-
ride (Figure 2), which readily hydrolyzes to form depro-
tonated HFPO-DA when it comes into contact with
water (Oppenheimer et al. 2007). Process models indi-
cate that the fluorochemical manufacturing facility near
Fayetteville, N.C., emitted 500-670 lb of C3 dimer acid
fluoride annually into the air between 2012 and 2016
(NC DEQ 2017b) although the actual emissions may be
substantially higher (NC DEQ 2018b). Air emissions of
GenX and/or GenX precursors are likely sources of
water contamination at other locations across the
United States. For example, Lindstrom et al. {(2017)
found GenX in disconnected bodies of surface water in
the Parkersburg, W.Va., region at distances of up to
20 mi from a fluorochemical manufacturing plant,
where GenX is used to produce PTFE.

Apart from GenX, several other PFEAs (Table 2)
have been detected both in the Cape Fear River and in
finished drinking water downstream of the North
Carolina fluorochemical manufacturing facility (Sun
et al. 2016, Strynar et al. 2015). The identified com-
pounds fall into three PFEA classes (Wang et al. 2017,
Sun et al. 2016, Strynar et al. 20135): (1) mono-ether car-
boxylic acids with three to six carbon atoms, (2) multi-
ether carboxylic acids with up to four ether oxygen
atoms, and (3) multi-ether sulfonic acids. The com-
pounds shown in Table 2 are thought to be byproducts
emanating from the fluoromonomer and Nafion mem-
brane production areas of the manufacturing facility. A
subset of the compounds also has been detected in pri-
vate well water (NC DEQ 2018c), suggesting that acid
fluoride analogs of the compounds shown in Table 2
are released into air and that subsequent hydrolysis
reactions lead to the formation of the acids shown in
Table 2. Until recently, native and mass-labeled
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TABLE2  Perfluoroalkyl ether acids detected in Cape Fear River water and in finished drinking water

Mono-ether carboxylic acids

ML s et 1]
i

F
F 'l
E

B e a1

Compound

Formula
Molecular weight

CAS no.

Compound

Formula
Molecular weight

CAS no.

Compound

Formula
Molecular weight

CAS no.

Compound

Formula
Molecular weight

CAS no.

Perfluoro-2-methoxyacetic
acid (PFMOAA)

C3HF503
180.0
674-13-5

Perfluoro-2-methoxypropanoic
acid (PFMOPrA)?

C4HF,0;4
230.0
13140-29-9

Perfluoro-2-ethoxypropanoic
acid (PFEOPrA)®

CsHFs03
280.0
NA

HFPO-DA (GenX),
perfluoro-2-propoxypropanoic
acid (PFPrOPrA)

CgHF;103
330.1
13252-13-6

Multi-ether carboxylic acids

E
E
F F /0
o
o\/
F
F

// \\
F,

Compound

Formula
Molecular weight

CAS no.

Perfluoro-3,5-dioxahexanoic
acid (PFO2HxA)

C4HE,0,
246.0
39492-88-1
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TABLE 2

Perfluoroalkyl ether acids detected in Cape Fear River water and in finished drinking water {Continued)

Compound Perfluoro-3,5,7-trioxaoctanoic
acid (PFO304)
F E Formula CsHF9O5
7 E Molecular weight 312.0
F// CAS no. 39492-89-2
Q O
&
F‘.
F Vi
o
& OH
Compound Perfluoro-3,5,7,9-tetracxadecanoic
acid (PFO4DA)
F F FF F Formula CelF;1104
F e} e}
IS OH Molecular weight 378.1
~~ / o - CAS no. 39492-90-5
F F F FF
Q
Multi-ether sulfonic acids Compound Et]zm[?e;:jl'gomc ?’Cli% )
-[1-[difluoro[(1,2,2-
trifluoroethenyljoxylmethyl]-
F 1,2,2,2-tetrafluoroethoxyl-1,
1,2,2-tetrafluoro-
(Nafion by-product 1)
Formula C7HF;3058
F Molecular weight 443.9
CAS no. 29311-67-9
Compound Ethanesulfonic acid,
2-[1-]difluoro(1,2,2,2-
F tetrafluoroethoxy)methyl}-
E F F 1,2,2,2-tetrafluorcethoxy]-
E H F 1,1,2,2-tetrafluoro-(Nafion
E by-product 2)
- . o F F Formula C7HoF14058
£ o £ Q Molecular weight 463.9
F S// CAS no. 749836-20-2
F /o
© ]
H

samples contain the brancbed isomer sbown here and in Strynar et al. (2015).

environmental samples contain the branched isomer shown here.

CAS—{Chemical Abstracts Service, HFPO-DA—hexafluoropropylene oxide-dimer acid, NA—not applicable
*In Sun et al. (2016), this compound was presented as the linear perfluoro-3-methoxypropanoic acid isomer. However, it is more likely that environmental

Pn Sun et al. (2016), this compound was presented as the linear perfluoro-4-methoxybutanoic acid (PFMOBA) isomer. However, it is more likely that

analytical standards were available for GenX, but not
for the other compounds shown in Table 2. As a result,
aqueous concentrations of PFEAs other than GenX
could be estimated only with the approach described in
“Analytical Methods” later in this article. Efforts are

underway to custom-synthesize some of the compounds
in Table 2, and The Chemours Company recently
provided analytical standards for the compounds shown
in Table 2 to the USEPA and some commercial
laboratories.
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TOXICITY OF GenX AND NORTH CAROCLINA
HEALTH GOAL

The bulk of toxicological research concerning PFASs
has focused on PFOA and PFOS. While their produc-
tion and use have been stopped by major manufacturers
in the United States as a result of a stewardship program
with the USEPA (2006), environmental concentrations
of the legacy PFASs remain of concern. PFOA and
PFOS can result from the breakdown of precursor
PFASs (Houtz et al. 2013) and are environmentally per-
sistent; therefore, continued study of their toxicity is
warranted as they will continue to persist in the envi-
ronment for decades to come. Accumulated evidence
from studies of experimental animal models and of
humans from highly exposed populations supports the
conclusion that PFOA and PFOS, along with other car-
boxylate and sulfonate PFASs, are multi-system toxi-
cants. In other words, exposure to PFASs is associated
with toxicological findings in many types of tissues and
systems. In fact, the evidence is sufficiently strong for
PFOA that it has been classified as possibly carcinogenic
to humans (Group 2B) by the International Agency for
Research on Cancer IARC 2016), and the US National
Toxicology Program (NTP 2016) has classified both
PFOA and PFOS as “presumed to be immune hazards
to humans.” The USEPA HAL for PFOA and PFOS is
based on developmental toxicity endpoints, indicating
that exposure during the sensitive period of early life,
including fetal life and the lactation period, may pro-
duce adverse health outcomes on growth and develop-
ment (USEPA 2016a, 2016b). In addition, PFOA and
PFOS are regarded as environmentally persistent, bicac-
cumulative, and toxic compounds (Wang et al. 2017).
Compounds being used and designed to replace PFOA,
PFOS, and other long-chain compounds therefore
should ideally be less persistent, bicaccumulative, and
toxic than the legacy compounds and be subjected to
more stringent controls to prevent them from escaping
or being released into the environment.

The regulatory environment for compounds being
designed to replace PFOA, PFOS, and other long-chain
compounds covered under the USEPA stewardship
agreement is somewhat varied. For some compounds,
testing performed under requirements of the Toxic
Substances Control Act includes environmental degra-
dation testing before commercialization and possible
additional testing to demonstrate that the final degrada-
tion products are less bioaccumulative and less toxic
than PFOA and other longer-chain PFASs (USEPA
2017a). However, publicly available and peer-reviewed
published studies for many of the replacement com-
pounds are far fewer than studies of PFOA and PFOS,
so it is difficult to conclude that they lack the risk
of adverse health effects. Without a deep knowledge
of published studies on replacement compounds,
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regulatory agencies—particularly those at the state level
dealing with “hot spots” of contamination from indus-
trial or other discharges of replacement PFASs, and a
public demanding action to protect their health—often
have to rely on the best available data from incomplete
data sets when issuing advice to the public.

This was the case in North Carolina when the Cape
Fear River was found to be contaminated with GenX
and other PFASs with a paucity of published studies on
their toxicity. The discovery of GenX in a drinking water
source required that the North Carolina Department of
Health and Human Services (DHHS) take action to pro-
tect the health of citizens exposed to GenX via their
drinking water. The DHHS issued a health goal for
GenX in July 2017 (DHHS 2017) of 140 ng/L. The
health goal is a “non-regulatory, non-enforceable level
of contamination below which no adverse health effects
would be expected over a lifetime of exposure.” This
designation is consistent with the PFOA/PFOS HAL
derived by the USEPA. The study used by the DHHS to
derive a health goal for GenX was one submitted in
the Furopean Union (EU) under the Registration,
Evaluation, Authorisation and Restriction of Chemicals
(REACH) program. The REACH program is a regula-
tion of the EU adopted to improve protection of human
health and the environment from the risks posed by che-
micals (ECHA 2017). The GenX study was described in
a report issued by the Netherlands National Institute
for Public Health and the Environment (Beekman
et al. 2016), which has a function analogous to the
USEPA. Other studies in the published literature on the
toxicity of GenX are limited in number but indicate that
GenX likely produces toxicological outcomes similar to
those of PFOA, albeit at different administered concen-
trations. Such outcomes include increased liver weight
and the rodent “tumor triad,” i.e., the presence of
tumors in the liver, pancreas, and testes (Rae
et al. 2013). An immunotoxicity study of GenX in mice
reported that GenX was less potent than PFOA at sup-
pressing antibody production; 10 mg/kg/day was the
“no observed adverse effect level” (NOAEL) and
100 mg/kg/day was the “lowest observed adverse effect
level” (LOAEL) for GenX after 28 days of oral exposure
(Rushing et al. 2017). For comparison, after 15 days of
oral exposure to PFOA, values of 1.88 and 3.75 mg/kg/
day were the NOAEL and LOAEL, respectively, for the
same endpoint (DeWitt et al. 2008). NOAEL represents
the highest administered dose that does not differ from
the response of unexposed animals, whereas LOAEL
represents the lowest administered dose that does differ
from the response of unexposed animals. Both parame-
ters often serve as points of departure for calculating
HALs and other values protective of public health.
A study by Rae et al. (2015) implied a LOAEL of
1 mg/kg/day for effects of GenX in livers and kidneys of
male rats, indicating that effects may occur at lower

ED_005565_00005474-00006



administered doses than those reported in the Rushing
et al. {2017) study. Another study in male mice given a
single dose of 1 mg/kg/day of GenX for four weeks dem-
onstrated injury and alteration of genes associated with
lipid metabolism in livers (Wang et al. 2016). However,
this study focused only on a single administered dose, so
the dose-responsiveness of these effects cannot be deter-
mined or applied to health goals.

To develop its provisional health goal for GenX, the
North Carolina DHHS used a NOAEFEL of 0.1 mg/kg/day
for liver single-cell necrosis (i.e., cell death in the liver) in
male mice orally exposed to GenX for 28 days (summa-
rized in Beekman et al. 2016). To account for various
uncertainties associated with this NOAEL, the North
Carolina DHHS adjusted this NOAEL by a factor of
10 for a “mouse to man” extrapolation, a factor of
10 for variability in the human population, and a factor
of 10 for the use of a relatively short-term study
(i.e., 28 days of exposure), thus deriving a reference dose
(RfD) of 0.0001 mg/kg/day (0.1 mg/kg/day/1,000)
(DHHS 2017). The RfD is similar to a health goal in that
it is a dose of a chemical below which adverse health
effects would not be expected over a lifetime of exposure
to humans. To convert this RfD to a drinking water
equivalent level (DWEL) that would be protective of
bottle-fed infants, a subpopulation identified as particu-
larly sensitive to effects of PFAS (recall that the USEPA
HAL for PFOA and PFOS was based on the protection
of developing fetuses as well as breastfed infants), the
DHHS made the following assumptions (DHHS 2017):

e 7.8 kg of body weight for a bottle-fed infant

e 1.1 L/day of water intake for a bottle-fed infant

e (.2 for the relative source contribution (proportion

of the total daily exposure to a chemical that is
attributed to or allocated to tap water [accounting
for multiroute exposures] in calculating acceptable
levels of  chemicals in [Federal
Register 2014]).

On the basis of these assumptions, the DWEL was
calculated as follows:

water

DWEL = [(RfD x Body Weight) /(Intake)]

X RSC x mgtong unit conversion

=[(0.0001 mg/kg/day x 7.8kg) /(1.1L/day)] (1)
%x0.2 % 10°ng/mg=140ng/L

The DWEL of 140 ng/L represents the current provi-
sional health goal for GenX in North Carolina.

ANALYTICAL METHODS

Nontargeted analysis of Cape Fear River water by lig-
uid chromatography/time-of-flight mass spectrometry
(LC/TOF MS) led to the initial identification of PFEAs
{Strynar et al. 20135). Details of the nontargeted analyti-
cal method are described in Strynar et al. (2013). Once

identified, PFEAs were incorporated into a targeted ana-
Iytical method that relies on LC~tandem mass spectrom-
etry (LC-MS/MS). The targeted analytical method
follows a workflow similar to that in USEPA Method
537, which is designed to determine 14 legacy PFASs in
drinking water. Several modifications to USEPA Method
537 are recommended to improve the recovery of GenX
and other PFEAs and to ensure method accuracy in
aqueous matrixes other than drinking water (McCord

In this study, samples were analyzed using an ultra-
performance liquid chromatograph® (UPLC) interfaced
with a triple quadrupole mass spectrometer.’ The UPLC
was equipped with a PFAS analysis kit that includes a
PFAS isolator column and stainless-steel tubing installed
between the mixing chamber and the injection port.
Using a 50 pL injection volume, PFASs were separated
on a UPLC column® (1.7 pm, 2.1 X 50 mm). Eluents
were 935:5 percent volume per volume (v/v%) water:
methanol with 2.5 mM ammonium acetate {A) and
5:95 v/v% watersmethanol with 2.5 mM ammonium
acetate (B). The eluent flow rate was 500 pL/min. A gra-
dient starting with 90% A:10% B was used for the first
30 s, ramped to 15% A:85% B between 0.5 and 5 min,
and to 100% B by 5.1 min, before ramping to
10% A:90% B between 7.0 and 7.1 min and staying at
this eluent ratio until the analysis was complete at
9 min. Mass spectrometer settings for the PFEAs shown
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TABLE3  Mass spectrometer settings for PFEAs
M- H}™ Daughter
Compound (m/z) {(m/z)
GenX 329.0 284.9
M3GenX (Internal 332.0 286.9
Standard)
PFMOAA 179.0 84.9
PFMOPrA 229.0 84.9
PFEOPIA/PFMOBA 279.0 84.9
PFOZHxA 245.0 84.9
PFO30A 311.0 84.9
PFO4DA 377.0 84.9
Nafion byproduct 2 462.9 212.9
HFPO-DA—hexafluoropropylene oxide-dimer acid, PFEAs—perfluoroalkyl
ether acids, PFEOPrA/PFMOBA—perfluoro-2-ethoxypropanoic acid/
perfluoro-4-methoxybutanoic acid, PEMOAA—perfluoro-2-methoxyacetic
acid, PFMOPrA—perfluoro-2-methoxypropanoic acid, PFO2HxA—perfluoro-3,
S-dioxahexanoic acid, PFO30A—perfluoro-3,5,7-trioxaoctanoic acid,
PFO4DA—perfluoro-3,5,7,9-tetraoxadecanoic acid

in Table 2 are summarized in Table 3. An exception
was the Nafion byproduct 1, which has been detected
only by high-resolution TOF MS to date (Strynar
et al. 2015).

Because both native and mass-labeled forms of GenX
are commercially available,” GenX concentrations in
water can be accurately determined using an isotope
dilution approach. To develop a calibration curve, cali-
bration standards were prepared in the concentration
range 10-1,000 ng/L. After filtration, SPE, and LC-MS/
MS analysis, area ratios (i.e., peak area for the native
standard divided by the peak area for the IS) were plot-
ted against known concentrations of the calibration
standards. Standard curves were mathematically
described by a concentration weighted (1/x) second-
order polynomial fit. GenX concentrations in all sam-
ples, matrix spikes, and trip spikes were calculated from
the area ratio and the standard curve. By using the iso-
tope dilution approach, in which mass-labeled 1S is
added to the sample prior to filtration and SPE, ineffi-
ciencies in analyte recovery as well as ion suppression
during LC-MS/MS analysis are corrected.

A major challenge for quantification of PFEAs other
than GenX is the lack of commercially available authentic
standards. For branched perfluoro-2-methoxypropanoic
acid (PFMOPrA) and perfluoro-2-ethoxypropanoic acid
(PFEOPrA) (Table 2), linear isomers (Table 2) are com-
mercially available® and were used to develop calibration
curves; area ratios were calculated relative to the response
for mass-labeled GenX. Concentrations of other PFEAs,
for which no authentic standards were available, were
estimated using Eq 2 by assuming that PFEA response fac-
tors in the mass spectrometer matched those of GenX.
The resulting concentration estimates are therefore
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uncertain—true concentrations may be higher or lower
than the provided estimates, possibly by as much as a fac-
tor of 10 (McCord et al. 2018, USEPA 2017¢).

Peak Area of Analyte
Peak Area of GenX

Conc. of Analyte = Conc. of GenX x
(2)

For quality assurance/quality control purposes, trip
spikes, trip blanks, replicates, and matrix spikes need to
be included with cach sampling campaign. Details of
the sampling, extraction, and analytical methods are
described in USEPA Standard Operating Procedures
(USEPA 2017b, 2009b).

OCCURRENCE OF GenX AND RELATED COMPOUNDS

To date, only four peer-reviewed studies have docu-
mented the occurrence of GenX in surface water.
Heydebreck et al. (2013) studied rivers in Germany, the
Netherlands, and China and determined maximum
GenX concentrations of 108, 91.5, and 3,830 ng/L,
respectively. Elevated GenX concentrations were associ-
ated with sampling sites located downstream of indus-
trial areas and known fluorochemical manufacturing
plants. Strynar et al. (20135) first identified GenX along
with other PFEAs (Table 2) in US surface waters, and
Sun et al. (2016) reported GenX concentrations of up to
4,560 ng/L in the Cape Fear River of North Carolina.
Most recently, Gebbink et al. (2017) conducted a
detailed study of the Rhine River near a fluorochemical
manufacturing facility in the Netherlands and deter-
mined a maximum GenX concentration of 812 ng/l at
the first sampling location downstream of the
manufacturing plant.

Only two studies have documented the concentration
of GenX in drinking water. Sun et al. (2016) found a
GenX concentration of 474 ng/LL in finished drinking
water derived from the Cape Fear River, while Gebbink
et al. (2017) determined a maximum GenX concentra-
tion of 11 ng/L in Dutch drinking water that was
sourced from a GenX-impacted river. Sun et al. (2016)
further documented that GenX constituted only a small
fraction of the total concentration of targeted PFEAs in
both raw and finished drinking water. In the absence of
analytical standards for PFEAs other than GenX, the
authors compared chromatographic peak areas and
determined that the dominant PFEA was perfluoro-
2-methoxyacetic acid (PFMOAA; peak area ~100 times
that of GenX) followed by perfluoro-3,5-dioxahexanoic
acid (PFO2HxA; peak area ~25 times that of GenX) and
perfluoro-3,5,7-trioxaoctanocic  acid (PFO30A; peak
area ~3 times that of GenX).

After the June 8, 2017, publication of a newspaper
article (Hagerty 2017) and a June 15, 2017, meeting
between local officials in the lower Cape Fear River
basin and representatives from the fluorochemical
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FIGURE 3 Evolution of PFEA concentrations in
Cape Fear River water at a drinking
water intake located approximately
90 mi downstream from a

fluorochemical manufacturer
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BP—byproduct, PFEA—perfluoroalkyl ether acid, PFMOAA—
perfluoro-2-methoxyacetic acid, PFO2HxA—perfluoro-3,5-
dioxahexanoic acid, PFO30A—nperfluoro-3,5,7-trioxaoctanoic
acid, PFO4DA—perfluoro-3,5,7,9-tetraoxadecanoic acid

manufacturer, the manufacturer agreed to stop dischar-
ging process wastewater containing GenX in late June
2017. As shown in Figure 3, the sum concentration of tar-
geted PFEAs in the Cape Fear River at a drinking water
intake located approximately 90 mi downstream from
the manufacturer was estimated to be about 40,000 ng/L
before capture of the GenX-containing process wastewa-
ter, with contributions from PFMOAA >> PFO2HxA >
PFO30A ~GenX > Nafion byproduct 2 > PFO4DA.
When the manufacturer began to capture process waste-
water containing GenX, the sum concentration of tar-
geted PFEAs in the river dropped sharply to an estimated
concentration of approximately 4,200 ng/L by July
15, 2017 (Figure 3). While the overall PFEA levels
decreased, the estimated concentration of Nafion bypro-
duct 2 increased from June 19 to July 15, 2017 (Figure 3).
As a result, the North Carolina Department of
Environmental Quality and USEPA characterized addi-
tional process waste streams with a focus on Nafion
byproducts. In late October 2017, the fluorochemical
manufacturer agreed to capture process wastewater con-
taining Nafion byproducts, which yielded an additional
drop in the sum concentration of targeted PFEAs in both
raw water (Figure 3) and finished drinking water
(Figure 4). From late October through early December
2017, the total concentration of targeted PFEAs in the fin-
ished drinking water remained in the 200-400 ng/L
range. Also shown in Figure 4 is a spike in GenX concen-
trations to 257 ng/L. on Oct. 20, 2017, which resulted
from a spill at the manufacturing facility.

To determine whether changes in PFEA concentra-
tions were primarily a result of source reduction or
changes in streamflow, streamflow data were obtained
for the sampling dates shown in Figure 3. On Oct.
24, 2017, streamflow at the Cape Fear River sampling
location was approximately 900 ft*/s, which was lower
than those on June 19, 2017 (~2,300 ft*/s) and on July
15, 2017 (~1,400 ft’/s). Thus, PFEA mass flows
dropped more substantially than PFEA concentrations
shown in Figure 3. While PFEA levels in the river have
dropped dramatically since June 2017, questions remain
about the sources of the remaining PFEAs. Possible
options include discharge of contaminated groundwater
(NC DEQ 2017b) from below the manufacturing facil-
ity into the Cape Fear River, stormwater runoff from
the manufacturing site and its surroundings, and
desorption from river sediment. It should be noted that
no PFEAs were detected in the Cape Fear River at the
intake of a drinking water treatment plant located
approximately 20 mi upstream of the fluorochemical
manufacturer.

EFFECTIVENESS OF DRINKING WATER TREATMENT
PROCESSES FOR THE REMOVAL OF GenX AND
RELATED COMPOUNDS

To date, limited information is available on the effec-
tiveness of water treatment processes for the removal of
GenX and other PFEAs. As illustrated in Figure 3,
GenX was not measurably removed by conventional
surface water treatment processes (coagulation, floccu-
lation, sedimentation, filtration, disinfection with free
chlorine) and by several advanced water treatment pro-
cesses, including raw and settled water ozonation, biofil-
tration, and disinfection with medium-pressure
ultraviolet (UV) lamps at a water treatment plant
(WTP) located approximately 90 mi downstream of the
fluorochemical plant. Sun et al. (2016) found similar
results for GenX and other PFEAs at the same WTP. In
Figure 5, the time lag between raw and finished water
concentration data was approximately one day, which
reflects the hydraulic residence time of the WTP. The
data in Figure 5 further illustrate that source reduction
efforts by the manufacturer, which began in the third
week of June and continued into July, were effective in
lowering GenX concentrations in raw and finished
water to below North Carolina’s health goal for GenX
of 140 ng/L by the end July 2017.

Activated carbon adsorption. Both powdered and gran-
ular activated carbon (PAC and GAC, respectively) are
commonly used in drinking water treatment. To evalu-
ate PFEA removal by PAC, Sun et al. (2016) selected a
thermally activated wood-based PAC that was previ-
ously shown to be effective for PFAS removal (Dudley
et al. 2015). For GenX, 30% removal was achieved
with a PAC dose of 60 mg/L. For reference, the same
PAC dose led to 80% PFOA and >95% PFOS removal.
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Short-chain PFEAs, such as PFMOPrA and PFO2HxA,
were essentially nonadsorbable, even when 100 mg/L
PAC was added to raw Cape Fear River water (Sun
et al. 2016).

Because dissolved organic matter (DOM) has a strong
negative effect on PFAS adsorption, employing GAC
after DOM removal by coagulation is expected to be
more effective for PFEA removal than the addition of
PAC to raw water. Total organic carbon (TOC) concen-
trations in the Cape Fear River range from about 6 to
9 mg/L, while TOC concentrations in coagulated/settled
Cape Fear River water are typically about 2 mg/L. For
this study, PFEA removal was studied in a post-filter
GAC adsorber that contained regenerated subbitumi-
nous coal-based GAC. The empty bed contact time
(EBCT) averaged 14 min during the course of the study,
and the plant treated water for approximately 9 h/day.
Freshly regenerated GAC had been put into service on
Mar. 22, 2017, and GAC influent and effluent samples
were collected from June 19 to July 24, 2017.

As shown in Figure 6, GenX had reached 7% break-
through after approximately 3,500 bed volumes (BV) of
water had been treated, and it reached 74% break-
through after approximately 5,000 BV had been trea-
ted. The breakthrough curve for PFO2HxA was similar
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to that of GenX, while higher removal percentages were
obtained for PFO30A and PFO4DA. Nafion byproduct
2, a seven-carbon diether (Table 2), was effectively
removed during the study period. The full-scale results
shown in Figure 6 are consistent with pilot-scale data
collected at a neighboring utility that obtains Cape Fear
River water from the same intake location. In the pilot
study, which evaluated three types of GAC at an EBCT
of 10 min and at two locations in the plant (following
settled-water ozone and following biofiltration), GenX
was removed to below the method reporting limit
(MRL) of 5 ng/L for the first 2,000 BV, but substantial
GenX breakthrough (35-64%) was observed after
approximately 5,000 BV had been treated
(CFPUA 2017).

Both the full-scale and pilot-scale results illustrate that
GAC is only somewhat effective for controlling GenX in
the context of treating coagulated Cape Fear River
water. Recognizing that the adsorbability of PFASs
decreases with decreasing perfluorinated carbon chain
length (Xiao et al. 2017, Sun et al. 2016, Dudley
et al. 2015), GAC will be only marginally effective for
shorter-chain PFEAs such as PEMOAA, PEFMOPrA, and
PFEOPrA as well as the diether PFO2HxA. For Nafion
byproduct 2, effective GAC performance can be expected
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FIGURES5 Concentrations of GenX in raw and
finished water of a treatment plant
employing raw water ozonation,
coagulation/flocculation/
sedimentation, settled water ozonation,
GAC biofiltration, medium-pressure UV
disinfection, and free chlorine
disinfection
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for at least 5,000 BV, but data collected at the top sam-
pling port of the full-scale adsorber as well as data from
the pilot study show substantial breakthrough of the
Nafion byproduct 2 in the range 10,000-15,000 BV
(>82% breakthrough at full scale, >74% breakthrough
at pilot scale). For reference, pilot-scale data showed
PFOA breakthrough of >20% after about 9,000 BV and
PFOS breakthrough of >20% after 13,500 BV (CFPUA
2017). The latter results illustrate that GAC treatment of
coagulated surface water with a TOC concentration of
about 2 mg/L can be costly even for the control of PFOA
and PFOS.

An additional concern with GAC adsorption pro-
cesses is the potential for desorption when PFEA con-
centrations change in the source water and/or more
strongly adsorbing compounds displace weakly
adsorbed PFEAs as the mass transfer zones of the more
strongly adsorbing compounds migrate through the
GAC bed. In this study, the first scenario applied; PFEA
concentrations in the source water decreased dramati-
cally as a result of source reduction efforts. At the begin-
ning of the evaluation period (June 19, 2017; ~3,500
BV of water treated), PFMOAA removal was approxi-
mately 70%. As PFMOAA concentrations in the GAC

FIGURE 6 PFEA breakthrough curves for a full-
scale post-filter GAC contactor
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influent decreased from approximately 26,000 to
approximately 680 ng/l., PFMOAA removal quickly
ceased, and during the last three weeks of the monitor-
ing period, PFMOAA levels in the GAC effluent were
approximately 10 times those measured in the GAC
influent.

Apart from the monitored adsorber, the utility oper-
ates two additional GAC adsorbers, and the finished
water is the blended effluent from all three GAC
adsorbers. At the beginning of the sampling campaign,
the three post-filter GAC adsorbers, which were oper-
ated in parallel (EBCT ~14 min each), had treated
approximately 3,500, 11,000, and 15,000 BV of water,
respectively. Daily composite samples of raw and fin-
ished water were collected from June 22 to July
26,2017, On average, GenX concentrations in the plant
effluent were 28% higher than those in the plant influ-
ent. Given that the adsorber containing the youngest
GAC was able to remove GenX during the study period
(Figure 6), the results suggest that the two adsorbers
containing older GAC were desorbing GenX.

Finally, questions about the management of spent
GAC with adsorbed PFASs remain. Management
options for spent GAC include landfilling, incineration,
and thermal reactivation (e.g., Pancras et al. 2016,
Duan et al. 2014, Chowdhury et al. 2013). In the case
of landfilling, the PFAS desorption potential from spent
GAC needs to be studied. Landfill leachate is one vector
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TABLE 4

Effectiveness of drinking water treatment processes for PFAS removal

Treatment

PFEAs (e.g., GenX)

Short-Chain PFASs
{e.g., PFBA)

Long-Chain PFASs
{e.g., PFOA, PFOS)

Challenges

Coagulation/
sedimentation/
filtration

Chlorination/
chloramination

Ozonation

UV/H0,

PAC adsorption

GAC adsorption

Anion exchange

High-pressure
membranes
(nanofiltration,
reverse Osmosis)

Not effective

Not effective

Not effective

Not evaluated, but not
expected to be effective

Moderately effective (e.g.,
PFO4DA) to not effective
(e.g., PEMOAA)

Moderately effective (e.g.,
Nafion byproduct 2) to
somewhat effective (e.g.,
GenX, PFO2HxA);

additional data needed,
bench- and pilot-testing is
ongoing

Under evaluation, very
effective for Nafion
byproduct 2, moderately
effective for GenX; removal
of short-chain PFEAs such
as PEMOAA needs further
study

Not evaluated, but likely
effective based on results
obtained with short-chain
PFASs and household
reverse 0smosis systeims

Not effective

Not effective

Not effective

Not effective

Not effective

Moderately effective
(groundwater) to
somewhat effective
(surface water)

Moaderately effective
to somewhat
effective

Effective

Not effective at conditions
relevant to drinking
water treatment

Not effective

Not effective

Not effective

Moderately effective
to somewhat
effective

Very effective
(groundwater)
to moderately
effective
(surface water)

Very effective to
moderately
effective

Effective

Performance strongly
dependent on
activated carbon
properties and
background water
matrix; spent PAC
needs to be managed

See PAC; desorption
can diminish
effectiveness when
influent concentrations
are variable; spent GAC
needs to be managed;
fate of PFASs during
thermal regeneration
not well understood

Performance strongly
dependent on resin
properties; background
water matrix effects
largely unexplored;
spent resin or spent
regenerant needs to
be managed

High energy requirement;
membrane fouling;
concentrate needs
to be managed

GAC—granular activated carbon, H,O,—hydrogen peroxide, NA—not applicable, PAC—powdered activated carbon, PFASs—per- and polyfluoroalkyl substances,
PFBA—perfluorobutanoic acid, PFEAs—perfluoroalkyl ether acids, PFMOAA—perfluoro-2-methoxyacetic acid, PFO2HxA—perfluoro-3,5-dioxahexanoic acid, PEO4DA—
perfluoro-3,5,7,9-tetraoxadecanoic acid, PFOA—perfluorooctanoic acid, PFOS—perfluorooctane sulfonic acid, UV—ultraviolet

through which PFASs are reintroduced into the environ-
ment (e.g., Lang et al. 2017) if landfill leachate is
shipped to wastewater treatment plants or is aerosol-
ized. Incineration of spent GAC would have to be con-
ducted at temperatures that are sufficiently high to
mineralize PFASs. During thermal reactivation, PFASs
may not be completely mineralized at temperatures used
to reactivate GAC (Watanabe et al. 2018, 2016). While
the thermal reactivation process oxidizes adsorbed
background organic matter and thus effectively restores
the adsorption capacity of GAC, the fate of PFASs dur-
ing thermal reactivation and subsequent use of reacti-
vated GAC require further study (Stroo et al. 2017).
Anion exchange. The effectiveness of anion-exchange
resins for PFEA removal has not been reported in the
peer-reviewed literature. However, several studies have
evaluated the removal of long- and short-chain PFASs
by anion-exchange resins (McCleaf et al. 2017,
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Woodard et al. 2017, Zaggia et al. 2016, Dudley
et al. 2015). For example, Woodard et al. (2017)
showed that the number of bed volumes to the onset of
PFAS breakthrough was larger for anion exchange than
for GAC treatment. Differences were more pronounced
for longer-chain PFASs compared with shorter-chain
PFASs, and more pronounced for sulfonic acids com-
pared with carboxylic acids with the same number of
perfluorinated carbons. To evaluate PFEA removal, a
pilot study evaluating anion-exchange resins at a utility
in the lower Cape Fear River basin is ongoing. Pilot col-
umns (EBCT = 1.5 min) showed that GenX was
removed to below the method reporting limit of 5 ng/L
for at least 27,400 BV, and GenX removals for the two
tested resins were 38 and 75% after treating 62,500 BV
(CFPUA 2017). Also, no detectable breakthrough was
observed for Nafion byproduct 2, PFOA, or PFOS after
62,500 BV of water had been treated. While these
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results are encouraging, further evaluation is needed
before life cycle costs of anion exchange and GAC treat-
ment options can be compared. Similar to GAC, man-
agement of spent anion-exchange resin requires careful
consideration. Spent resin can be regenerated on site,
landfilled, or incinerated. On-site resin regeneration
would require the development of a suitable regenera-
tion strategy that may require both brine and an organic
solvent (McCleaf et al. 2017, Woodard et al. 2017,
Zaggia et al. 2016, Dudley et al. 2015) and manage-
ment of the spent brine that contains high levels of
PFASs. Considerations for landfilling and incineration
would be the same as those for GAC.

High-pressure membranes. On the basis of high
removal percentages obtained for short-chain PFASs,
such as perfluorobutanoic acid (PFBA) (Appleman
et al. 2013, Lipp et al. 2010), it is expected that nanofil-
tration and reverse osmosis processes effectively remove
the PFEAs shown in Table 2. Factors that positively
influence removal by high-pressure membranes are
increasing pollutant size and charge. Formula weights
of the PFEAs in Table 2 range from 180 to 464 Da, and
the formula weight of PFBA is 214 Da. All PFEAs in
Table 2 are predicted to be strong acids and are
expected to be present as anions at typical water treat-
ment pH values. Data from under-the-sink reverse
osmosis systems from homes of residents in the commu-
nities affected by the PFEA contamination confirmed
that GenX was removed to below method reporting
limits, and other PFEAs, including PFMOAA, were
effectively removed as well (Merrill 2018). Apart from
high energy demand and membrane fouling, a key chal-
lenge with high-pressure membranes in a municipal-
scale treatment context is management of the retentate,
which contains high levels of PFASs and salts.

OVERVIEW OF TREATMENT TECHNOLOGIES FOR PFAS
REMOVAL

An overview of drinking water treatment technologies
and their effectiveness for PFAS removal is provided in
Table 4. The information in Table 4 is based on bench-
and pilot-scale tests, as well as information from full-
scale drinking water treatment plants (Woodard
et al. 2017, Sun et al. 2016, Zaggia et al. 2016, Dudley
et al. 2015, Appleman et al. 2014, Rahman et al. 2014,
Vecitis et al. 2009).

IMPLICATIONS

USEPA’s UCMR 3 data illustrate that 4% of 4,920
public water systems distributed water that contained at
least one of the six targeted PFAS compounds at detect-
able levels. Furthermore, the UCMR 3 data suggest that
at least six million US residents consume drinking water
that contains combined PFOS and PFOA at levels above
the 70 ng/lL HAL (Hu et al. 2016). While the UCMR
3 data collection effort provided the first nationwide

documentation of PFAS occurrence in public water sys-
tems, it underestimated the overall PFAS exposure
through drinking water in a number of important ways,
including (1) method reporting limits for the UCMR
3 were high, (2) public water systems serving <10,000
people were not evaluated in a comprehensive manner,
(3) nonpublic water systems and private wells were not
considered, and (4) only six PFASs were targeted in
UCMR 3, such that information about short-chain per-
fluorcalkyl carboxylic acids and emerging PFASs, such
as GenX and the other PFEAs discussed here, is lacking.
With the phasing out of the production and use of long-
chain PFASs such as PFOA and PFOS in the United
States, fluorochemical manufacturers have shifted their
production to shorter-chain PFASs (e.g., perfluoroalkyl
carboxylic acids with chain length <6) and fluorinated
replacements (e.g., GenX, ADONA,” F53-B%). A chal-
lenge for drinking water providers and state regulators
is that information about many fluorinated replace-
ments is considered confidential business information.
Often the chemical structures, basic physicochemical
properties, toxicological data, production volumes, and
locations of use are unknown. As a result, it is difficult
to protect drinking water sources through NPDES dis-
charge permits and air quality permits. In addition, the
production of fluorochemicals results in a large number
of per- and polyfluorinated byproducts that are largely
unknown. To ensure that PFAS contamination is
absent, public water systems, including the ones with
UCMR 3 results below 70 ng/L for PFOA and PFOS or
nondetect/low for the six targeted PFASs, should there-
fore consider screening their source and finished water
for a wider range of PFASs.
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ENDNOTES

LGF/A glassfiber filters, Whatman, GE Healthcare, Chicago, TI1.

2WAX SPE cartridges, Waters, Milford, Mass.

SHLB SPE cartridges, Waters, Milford, Mass.

*ACQUITY UPLC System, Waters, Milford, Mass.

SQuattro Premier XE, Waters, Milford, Mass.

SACQUITY UPLC BEH C18 column, Waters, Milford, Mass.

“Wellington Laboratories, Guelph, Ont.

8Synquest Laboratories, Alachua, Fla.

°ADONA: 4,8-dioxa-3H-perfluorononanoic acid

10F53-B: 2-[(6-chloro-1,1,2,2,3,3,4,4,5,5,6,6-dodecafluorohexyl)oxyl]-1,1,
2,2-tetrafluoroethanesulfonic acid, potassium salt
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